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Introduction
Epidemiologic and interventional studies have clearly established an inverse association between plasma levels of high-density lipoprotein (HDL) cholesterol (HDL-C) and the incidence of atherosclerotic cardiovascular diseases (CVD) [1] . The inverse correlation between the HDL-C level and CVD risk is maintained even in patients with low low-density lipoprotein (LDL) cholesterol (LDL-C) concentrations [2] . However, efforts to increase HDL-C did not achieve consistent results, and high HDL-C concentrations are not always associated with protection against atherosclerosis [3] . Furthermore, rare or common mutations that relate to low HDL-C levels did not show significant associations with CVD [4] . Therefore, studies suggest that simply measuring HDL-C does not provide a reliable prediction of HDL's beneficial value. When assessing the benefits of existing and novel therapies that target HDL, one must consider other parameters that reflect HDL function besides the simple measurement of changes in plasma HDL-C.
The atheroprotective effect of HDL is mainly considered to be through the removal of cholesterol from peripheral tissues back to the liver for excretion through the reverse cholesterol transport (RCT) process [5, 6] . The capacity of HDL to accept cholesterol from macrophages, a metric of HDL function, has been recently shown to bear a strong inverse relation with atherosclerosis. A previous study showed that apolipoprotein (apo) B-depleted serum from individuals with similar levels of HDL-C or apoA-I may have different capacities to remove cholesterol from macrophages, and the cholesterol efflux capacity was significantly correlated with the concentration of preβ-1 HDL [7] . Khera et al. [8] measured the HDL mediated cholesterol efflux capacity from macrophage cells in healthy volunteers and in patients undergoing angiography. They found that the ability of HDL to promote cholesterol efflux from macrophages was strongly and inversely associated with both subclinical atherosclerosis and obstructive coronary artery disease. These associations persisted after adjusting for traditional cardiovascular risk factors, including the levels of HDL-C and apoA-I. In addition, HDL from cholesteryl ester transfer protein (CETP) deficient subjects, subjects treated with a high dose of CETP inhibitor (torcetrapib) or subjects with metabolic syndrome treated with pioglitazone showed increased HDL mediated cholesterol efflux [9, 10] . These novel results added to the increasing evidence that measures of HDL function, such as its efflux capacity, can be useful when assessing an individual's CVD risk.
The widely used method for the measurement of cholesterol efflux potential is the isotopic assay established by de la LleraMoya et al. [7] . In this method, donor cells, such as hepatoma cells, fibroblasts, or macrophages, were first loaded with a radioactive tracer, C-cholesterol and then incubated in a medium containing a cholesterol "acceptor" (diluted human serum or HDL). After multiple washings, scintigraphy quantified the radioactivity present in the medium and in the donor cells. Cholesterol efflux was then expressed as the amount of radioactive cholesterol released into the medium divided by the total signal. Although these assays have played an important role in elucidating the mechanisms of cholesterol efflux from cells [11] , a protocol using radio-labelled cholesterol makes it unsuitable for a wide range of clinical applications. Furthermore, the current methods involve a variety of different treatments to the cells, methodological studies are needed to define the experimental conditions to decrease the variability of future studies using these methods.
In this study, we used the stable isotope [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol as a tracer, investigated the conditions of cholesterol enrichment, tested the abilities of different acceptors to produce cholesterol flux, and established a liquid chromatography tandem mass spectrometry (LC/ MS/MS) method for the measurement of HDL mediated cholesterol efflux potential. This 
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Materials and reagents
The J774 murine macrophage cell line was purchased from Peking Union Medical College, China. Fetal bovine serum (FBS) was purchased from Hyclone (Waltham, MA, USA). DNase was purchased from New England Biolabs (Beverly, MA, USA). High Dulbecco's minimal essential medium (H-DMEM), penicillin and streptomycin were products of Gibco BRL (Gaithersburg, MD, USA). Tissue culture plastic-ware was purchased from Corning (Corning, NY, USA). Fatty-acid-free bovine serum albumin (BSA), trypsin, polyethylene glycol (PEG) 6000, Sandoz 58-035, sodium cholate and cholesterol were all purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade isopropanol and methanol were products of Thermo Fisher Scientific (Newark, DE, USA). [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol, with isotopic purities of 99%, was purchased from Cambridge Isotope Laboratories (Andover, MA, USA). Methyl-β-cyclodextrin (Mβ-CD) was purchased from Beifang Technology (Beijing, China). The cholesterol used in the calibration solutions was cholesterol reference material SRM 911b (National Institute of Standards and Technology, Gaithersburg, MD, USA).
Preparation of lipoproteins and human sera
For method development and validation, serum samples were collected from leftover patient specimens in the department of laboratory medicine of Beijing Hospital. The specimens in the clinical laboratory were bar coded, and the vials were labelled without information relating to the specimen identities. For isolation of LDL and HDL fractions, patient serum samples were pooled and mixed. LDL (d=1.006-1.063 g/ml) fractions were isolated by sequential ultracentrifugation as described previously [12] . The HDL fraction was prepared by precipitating apoB-containing lipoproteins using polyethylene glycol (PEG) 6000 [13] . For the measurement of cholesterol efflux, serum samples from healthy volunteers were collected, and HDL fractions were separated. Briefly, aliquots of 0.5 ml of serum samples were pipetted into 2-ml vials, followed by the addition of 0.2 ml of 20% PEG [13] . The vials were then vortexed and allowed to stand at room temperature for 15 min followed by centrifugation. An aliquot of 0.5 ml of the supernatant was transferred to another vial for efflux measurement. The presence of PEG does not alter the efflux capacity of the extracellular acceptors. Because of the dilution of the sera by the precipitation reagents, 7% of the apoB-depleted serum is equivalent to 5% whole serum [8] .
This study has been reviewed and approved by the Ethics Committee of Beijing Hospital. All study volunteers were made aware of the intended use of their sample in writing and provided written consent.
Cell culture conditions and selection of extracellular acceptors
The [3,4- C]cholesterol by LC/MS/MS using stigmasterol as an internal standard was also optimised. All of the analyses in the method development and validation were performed in triplicate. [3,4- 13 C]cholesterol labelled J774 cells J774 cells were seeded on 12-well plates at a concentration of 1.5×10 5 cells/ml in H-DMEM growth medium 1 day before uptake experiments. When the cells were approximately 80% confluent, they were
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry treated with medium containing 2% FBS, 0.5 μg/ml Sandoz 58-035, and 20 μg/ml [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol for 6 h. The cells were washed with phosphate-buffered saline and equilibrated in medium containing 0.2% BSA and 0.5 μg/ml Sandoz 58-035. Individual HDL samples were then added to duplicate wells at a final concentration of 7% and incubated for 8 h (T 8 ), and control cells remained in the original medium (T 0 ). After washing with phosphate-buffered saline, the cells were lysed and lipids extracted by adding 0.4 ml of a 1% sodium cholate solution containing 10 U/ml DNase, mixing and gently shaking for 1 hr at room temperature. Cell proteins were measured by the bicinchoninic acid (BCA) method [14] . Cell cholesterol and [3,4-
C]
Cholesterol were measured by our previously described LC/MS/MS method [15] with modifications as described below.
Briefly, an aliquot 0.05 mL of cell lysates or the cholesterol calibrators (1, 2, 4, 6, 8 mg/dl) were transferred into a 2-ml vial, and 0.5 mL of 8.9 mol/L potassium hydroxide-ethanol (10:90, v/v) was added. The mixture was incubated at 50℃ for 2 h for hydrolysis of cholesteryl esters followed by the addition of 0.5 mL of water and 1 ml of hexane containing stigmasterol as an internal standard. The vials were vortexed for 15 min and then aliquots of 0.6 mL hexane phase were transferred to another vial, dried under vacuum, oxidised by chromic acid-sulphuric acid, and analysed by LC/MS/MS [15] .
The LC separation was performed on a Waters Symmetry C18 column (4 µm, 2.1×150 mm) with a mobile phase of methanol-isopropanol (40:60, v/v) at a flow rate of 0.3 mL/min. Tandem mass spectrometry (MS/MS) was carried out on an API 4000 triple quadruple mass spectrometer (Sciex Applied Biosystems). MS detection was performed with atmospheric pressure chemical ionisation (APCI) in the positive ion mode and multiple reaction monitoring (MRM) mode. The curtain gas, nebulizer gas and collision gas were nitrogen at settings of 30, 65 and 5 psi, respectively. The corona current was set at 5 μA, and the source temperature was maintained at 450°C. The declustering potential, entrance potential, collision energy, and collision exit potential were set at 82 V, 4 V, 26 eV and 6 V, respectively. The dwell time was 0.2 s for MRM.
Aliquots of 2 μL of the prepared calibrators or samples were injected with an auto sampler. The transitions of (M+H)
, m/z 399→381 and 425.4→83 were monitored for [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol, unlabelled cholesterol and stigmasterol, respectively, as their oxidation products. The calibration curve was generated using a linear regression of the peak area ratios of unlabelled cholesterol to stigmasterol, which was used to calculate the cell [3,4- 
Measurement of cholesterol efflux in healthy subjects
The LC/MS/MS method was applied to 49 apparently healthy volunteers (35 males and 14 females) aged 23 to 76 years old. Body weight, height, and blood pressure were measured. Serum total cholesterol (TC), triglyceride (TG), apoAI, apoB, and glucose (GLU) were analysed by assay kits from Sekisui Medical Technologies (Osaka, Japan) on a Hitachi 7180 analyser. Cholesterol levels of HDL, LDL and their subfractions were measured by our ultracentrifugation/HPLC method [16, 17] . The fractional cholesterol esterification rate in serum HDL (FER HDL ) was measured by HPLC as previously described [18] .The Pearson correlation was used to test the relationship between cholesterol efflux and CVD risk factors from data that demonstrated normal distribution, while Spearman's correlation was used for correlation analysis when the distribution of data were skewed. Statistical significance was defined as P<0.05. All of the statistical analyses were performed using SPSS 17.0 (SPSS Inc., Chicago, IL).
Results
Enrichment of J774 cells with FC in the presence of an ACAT inhibitor
The design of the experiment to quantitate cholesterol flux is greatly influenced by the cholesterol content of the cells at the start of the experimental period. Some previous studies cell CE formation (CE was undetectable) when incubated with cells for more than 4 hr; therefore, 0.5 μg/ml Sandoz 58-035 was used in the experiment. Furthermore, cell viability was not affected when grown with 20 μg/ml cholesterol and 0.5 μg/ml Sandoz 58-035 for 6 h (Fig. 3) . 
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Selection of extracellular acceptors
A wide variety of the extracellular particles have been used to study specific parameters of the cholesterol flux process. To select appropriate extracellular acceptors, we incubated cells with human serum and isolated LDL and HDL fractions and quantitated the influence of each acceptor on cell cholesterol efflux as well as on the influx of cholesterol to cells. J774 cells were labelled and enriched with [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol in the presence of 0.5 μg/ ml Sandoz 58-035 and then incubated with medium containing different acceptors. As shown in Fig. 4A , when incubated with serum, there was a flux of free [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol out of the cell (efflux), while simultaneously there was movement of serum-derived FC and CE into the cell (influx), and the cholesterol influx was much greater than the efflux. As shown in Fig. 4B, incubating [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol enriched cells with LDL resulted in a significant increase in cell cholesterol mass (influx), but almost no efflux of cell cholesterol. As expected, cell cholesterol efflux was significantly higher than the influx when HDL was present as the acceptor at concentrations of 3.5%, 7.5% and 10%, with cholesterol efflux and influx of 3.9±0.13 vs 2.2±0.18, 5.9±0.04 vs 4.1±0.16, and 7.6±0.06 vs 5.7±0.11, respectively (Fig. 4C) . Therefore, individual HDL samples at a final concentration of 7% were used as the extracellular acceptor for the measurement of cholesterol efflux. [3,4 -13 C]cholesterol We have previously established HPLC and LC/MS/MS methods for the measurement of serum total cholesterol using stigmasterol and [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol, respectively, as internal standards [15, 19] . Stigmasterol has been demonstrated to be an ideal internal standard with chemical and physical characteristics almost identical to those of cholesterol. Therefore, in this study, we established an LC/MS/MS method for the measurement of both [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] cholesterol and unlabelled cholesterol by using stigmasterol as the internal standard and the conversion of cholesterol, [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] cholesterol, and stigmasterol to cholest-4-en-3,6-dione with chromic acid. Fig. 5A shows the ionisation and fragmentation of the oxidised cholesterol, [3,4- (Fig.  5B) .
LC/MS/MS analysis of unlabelled cholesterol and
Cholesterol and [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol were all calculated by using cholesterol as the calibrator. The linear correlation between cholesterol concentration (x) (the five calibrators, each in duplicate) and the peak area ratio (y) of cholesterol to stigmasterol in 5 analytical runs were assessed by linear regression analysis. The slopes, intercepts, correlation coefficients, and standard errors of the y estimate are shown in Table 1 . The total coefficient correlations were below 2% and 7% for the LC/MS/MS measurement of cell cholesterol and the HDL mediated macrophage cholesterol efflux, respectively.
Measurement of HDL mediated cholesterol efflux in healthy subjects
This method was applied to 49 apparently healthy volunteers (35 males and 14 females). These subjects had HDL-C and TG levels of 0.67-2.22 mmol/L and 0.40-7.73 mmol/L, respectively. The HDL mediated cholesterol efflux showed a normal distribution and the average rate was 24.6±3.9%. Correlations between the rate of cholesterol efflux and other examined parameters are shown in Table 2 . The results indicated that HDL mediated cholesterol efflux was positively correlated with HDL-C (r = 0.458, P=0.006), HDL2-C (r= 0.459, P=0.002) and apoAI (r = 0.426, P=0.008), while no correlation was found between cholesterol efflux and HDL3-C (r= 0.141, P>0.05). Cholesterol efflux was negatively correlated with body weight (r = −0.329, P<0.05), BMI (r= −0.328, P<0.05), and blood pressure (r= −0.283 and −0.346, P<0.05, for SBP and DBP, respectively). Significant negative associations were also observed between HDL mediated cholesterol efflux and FER HDL (r= −0.437, P<0.01), a predictor of HDL and LDL particle sizes [18, 20] . No associations were found between the rate of cholesterol efflux and cholesterol levels in LDL and subfractions and apoB. Table 1 . Parameters of standard curves between the cholesterol concentration and peak area ratio of cholesterol to the internal standard Table 2 . The m e a n / m e d i a n and standard deviation of the parameters and correlation with HDL mediated cholesterol efflux in 49 healthy subjects.
*skewed distribution. The median was used instead of the mean, and the Spearman correlation was applied for correlation analysis
Wang et al.: LC-MS/MS for Macrophage Cholesterol Efflux
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
Discussion
A link between the in vitro efflux of cholesterol from macrophages and atherosclerosis has recently been established by studies demonstrating a negative correlation between cholesterol efflux from J774 cells and coronary artery disease as measured by either carotid intima-media thickness or coronary angiography [8] . Therefore, the availability of a nonradioactive and reliable technique for measuring cholesterol efflux could be of significant importance for CVD risk assessment. However, the use of radiolabelled cholesterol in the current methods makes it inconvenient to use in clinical laboratories for screening large numbers of individual specimens. In addition, results from the current methods are influenced by a variety of different treatments to the cells, e.g., the loading of the cells, the status of cell cholesterol content, the combination of efflux pathways, the presence or absence of an ACAT inhibitor, the type and concentration of extracellular acceptors, and the specificity of the method for measuring isotope labelled cholesterol. Some investigators have substituted a fluorescent mimic of cholesterol for the radiolabelled cholesterol and quantitated efflux by fluorescent measurements [21, 22] . However, the structure and behaviour of the fluorescent sterols are not the same as cholesterol, and the rates of efflux were much higher or lower than those of The initial cell cholesterol status and content were not only important for cell viability and the flux patterns between cells and medium but also for the accurate quantification by LC/MS/MS. Cholesterol efflux assays traditionally involve loading cells with radiolabelled cholesterol by adding radiolabelled cholesterol to medium containing acetylated LDL in the presence or absence of ACAT inhibitors [24] . However, preparation of acetylated LDL is tedious, and the existence of radiolabelled CE complicates the determination of the fractional release of labelled cholesterol from the cells. In our study, by dissolving [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] cholesterol in Mβ-CD, [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol solutions were directly added to the cell medium to load and enrich J774 cells in the presence of the ACAT inhibitor Sandoz 58-035. Mβ-CD, which has been used extensively as a drug delivery vehicle for its low toxicity and high solubility, was found to be quite effective in modulating the cholesterol content of tissue culture cells [25] . We optimised the concentration of [3,4- As a powerful tool, LC/MS/MS has the ability to simultaneously identify cholesterol and stable isotope labelled cholesterol with high specificity and accurate quantification. Although cholesterol could be directly analysed by LC/MS [26] , a higher sensitivity method was needed to accurately measure low levels of cell cholesterol. Therefore, we incorporated our previously used precolumn oxidation into the sample preparation, and the oxidation converts [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol and cholesterol to cholest-4-en-3,6-dione [15, 19] , which has higher ionisation efficiencies than that of cholesterol and can be readily detected by LC/MS/ MS. For quantification, unlabelled cholesterol was used as the calibrator and stigmasterol was used as the internal standard. [3,4- C]cholesterol and cholesterol itself. As the hydrolysis of cholesteryl esters, oxidation of both cholesterol and the internal standard and the chromatographic separation of cholesterol and other lipid components were included in the procedure, this method is highly specific, and the presence of sera or cell matrix did not affect the quantification of cholesterol and [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol concentrations.
Results from 49 healthy subjects demonstrated a negative correlation with weight, BMI, blood pressure, while a positive correlation was seen with HDL-C, HDL2-C, and apoAI levels. These results agree with previous reports [8, 23] . Furthermore, HDL mediated cholesterol efflux was also negatively correlated with FER HDL , a predictor of HDL function, HDL and LDL subfraction distributions and atherosclerosis [18, 20] . These results suggest that HDL mediated cholesterol efflux measured by LC/MS/MS has a close relationship with the major CVD risk factors and could potentially be a useful marker for CVD risk assessment.
In conclusion, an LC/MS/MS method for the direct measurement of macrophage cholesterol efflux produced by HDL has been established. This method is precise, nonradioactive and is potentially useful in the assessment of HDL function and risk for cardiovascular diseases. 
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